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[1] The high-resolution spectra of the Atmospheric
Infrared Sounder (AIRS) provide a global view of small-
particle-dominated cirrus clouds, and they exist over much
larger spatial extents than seen in previous aircraft
campaigns. As shown by simulations using a plane-
parallel scattering radiative transfer (RT) model and
realistic ice particle shapes, the shape of the radiance
spectra in the atmospheric windows is uniquely influenced
by small ice crystals. Minima in the brightness temperature
(BT) spectra between 800 to 850 cm�1 are seen for ice
particles smaller than 3 mm in the RT simulations and AIRS
spectra. A case study of an orographic cirrus cloud observed
on October 2, 2002, over the central Andes of South
America is presented with spectral BT differences up to
63K between 998 and 811 cm�1. INDEX TERMS: 0305
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1. Introduction

[2] The characterization of the effect of small ice particles
on cirrus cloud optical properties is one of the outstanding
problems in cloud research and necessitates better observa-
tions of the smallest particles [Lynch et al., 2002]. Ice
crystals, water droplets, and aerosols have broad extinction
features (10’s to 100’s of wave numbers wide) in the
infrared with sensitivity to effective radii (reff), optical
thickness (t), and cloud altitude. Top-of-atmosphere
(TOA) radiative forcing is highly sensitive to t and reff
[Fu and Liou, 1993], with small-particle ice clouds produc-
ing negative TOA radiative forcing at lower IWP than large-

particle ice clouds. Previous work has focused on determin-
ing approximate values of reff for cirrus clouds, with greater
sensitivity for moderate t and small effective radii [Acker-
man et al., 1995]. Smith et al. [1998] discuss an example of
a ice cloud containing small particles observed by the High-
resolution Interferometer Sounder flown on the NASA ER-
2 during the Subsonic Aircraft Contrail and Cloud Effects
Special Study. An reff of 7 mm is derived by Smith et al.
[1998] by fitting the spectral shape of the cloud emissivity
in the 750–1000 cm�1 atmospheric window using a radi-
ative transfer model with ice spheres.
[3] The Atmospheric Infrared Sounder (AIRS) on the

EOS-Aqua platform is a high-resolution (n/�n = 1200)
grating spectrometer that scans at angles of ±49.5� from
nadir, at both visible and infrared wavelengths. The infrared
spectral coverage covers three bands in the 3.7–15.4 mm
range (649–1136, 1265–1629, and 2169–2674 cm�1),
with a surface footprint of 13.5 km diameter at nadir view
[Aumann and Pagano, 1994]. The entire 750–1000 cm�1

atmospheric window is covered by AIRS, although the
spectral coverage of the 1050–1250 cm�1 window is not
complete. This window region is examined in the current
study. Daytime observations lead to a large reflected solar
component in the 2400–2650 cm�1 atmospheric window
and are thus not used for this analysis.
[4] We simulate TOA brightness temperature (BT) spec-

tra for small ice particles with the Code for High-resolution
Accelerated Radiative Transfer with Scattering (CHARTS),
a plane-parallel monochromatic radiative transfer model
with multiple scattering [Moncet and Clough, 1997] in
conjunction with the Line By Line Radiative Transfer
Model (LBLRTM). The single scattering parameters for
the ice particles are calculated using the T-matrix method
[Mishchenko and Travis, 1998]. Previous work using radi-
ative transfer models to simulate a small set of TOA BT
spectra for particles larger than 4.5 mm [Bantges et al.,
1999; Chung et al., 2000] produced spectral shapes in the
atmospheric windows much like those shown below. Prab-
hakara et al. [1990] show examples of IR spectra from the
Infrared Interferometer Spectrometer (IRIS) in polar regions
which resemble modeled spectra for ice clouds with reff
larger than 3–4 mm.

2. Model Results

[5] Figure 1a shows the variations in simulated TOA BT
spectra for a range of reff at a fixed 950 cm�1 optical depth
of 0.82. Figure 1b shows the variation in simulated TOA BT
spectra for a range of t at a fixed particle effective radius of
2 mm. The simulated spectra are calculated using a vertical
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profile of T and H2O taken from the NCEP AVN model at
24�S 64�W at 1800 UTC, just to the east of the northern
Argentinian Andes. A total of 43 levels from the surface to
90 km are used, and the model clouds are constrained to
12–13 km heights. Monodisperse cylindrical ice particles
with aspect ratios of unity are used for all simulations. We
have explored the effects of particle shapes using cylinders,
spheroids [Mishchenko and Travis, 1998], and hexagonal
cylinders [Baran et al., 2002] for particles smaller than 3 mm
and all particle shapes produce very similar extinction
spectral shapes. Spectral shape results because the real part
of the index of refraction tends to a minimum near 950 cm�1

resulting in reduced extinction for small ice particles [Arnott
et al., 1995]. We use the water ice index of refraction from
Toon et al. [1994] measured at 163K. Comparisons are
made with Clapp et al. [1995] refractive indices at temper-
atures ranging from 160 K to 210 K, and BT sensitivity up
to 1–3 K (5 K) is noted in the 750–1000 (1050–1250)
cm�1 windows, especially near the BT minima and max-
ima. As seen in Figure 1a, the extinction for particle sizes of
25.3 mm is nearly constant in the window regions. Greater
spectral distortion occurs for smaller particles. For a particle
size of 3 mm in Figure 1a, a broad minimum at 800 cm�1

appears, with decreasing BT from 750 to 800 cm�1 and
strongly increasing from 800 to 1000 cm�1. At 2 mm the
minimum is smaller relative to 750 cm�1 and the minimum
shifts from 800 to 820 cm�1. Similarly, for 0.5 mm size

particles the minimum is more pronounced and shifts to
860 cm�1. The spectral distortion of increasing t for the
smaller particle size of 2 mm is shown in Figure 1b. This
distortion is also a function of the vertical temperature
profile, and atmospheres with larger tropopause to surface
temperature differences will show greater distortion.

3. Observations

[6] AIRS spectra with spectral dependencies similar to
those modeled have been observed in cirrus intermittently
between July and December 2002 at all latitudes in and
around orography, convection, midlatitude and tropical
cyclones, and elsewhere. As an example, we present an
orographic cirrus case for October 2, 2002, at 1800 UTC
centered near 24�S 64�W in northern Argentina. The
AIRS BT spectra for selected portions of this scene are
shown in Figure 2. The location of each spectrum is noted
on Figure 3b. The average NEdT (noise equivalent delta
temperature) across the selected channels is 0.32 K. The
strong observed spectral dependencies can be explained by
very small ice particles along with a warm surface and cold
tropopause. The NCEPAVN vertical T and H2O profile used
in the simulation shows the 1000 mb level and tropopause
temperatures to be, respectively, 310.6 K and 195.2 K.
Spectrum S has the largest BT difference (63 K) between
998 and 811 cm�1. Notice the BT minima in the spectra
near 800 cm�1 for A, B, C, O, and S. In simulations this
shape is produced only by a preponderance of small particles
of roughly 3 mm radius or smaller. Other spectra such as

Figure 1. Simulated TOA BT spectra using CHARTS and
monodisperse cylindrical ice particles. (a) An assortment of
reff at an optical depth (t) of 0.82 at 950 cm�1. (b) TOA BT
spectra for 2 mm particles across a realistic range of t at 950
cm�1 (t = .0133, .0664, .133, .265, .531, .854, 1.33, 2.65,
6.64, and 13.3) with t increasing downward (colder BT
spectra). AIRS spectrum O from Figure 2 is superimposed
for reference.

Figure 2. Selected AIRS spectra with locations shown in
Figure 3b. (a) Spectra at warmer temperatures which
indicate thinner clouds. (b) Spectra at colder temperatures
which indicate thicker clouds. MODIS channels 30, 31, and
32 for a spectral response function of 0.05 and greater
shown for reference.
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E and T display strong spectral variation without BT
minima, indicating the reff is somewhat larger. In contrast
spectrum M is quite flat with rather low BTs, indicating
larger particle sizes in the downwind portion of the cloud.
[7] We now turn to the larger context and consider

the plausibility of the presence of such small ice crystals.
Figure 3 shows BT maps in and around the ice clouds of
small particles. Panel (a) is the difference between panels
(b) (998 cm�1) and (c) (811 cm�1). Notice the WNW-ESE
oriented cirrus band and adjacent patches of cloud to the
west. Inspection of GOES-8 imagery (not shown) indicates
that these cloud features are orographically induced; i.e.,
they are stationary for at least six hours ±1800 UTC [Scorer,
1986]. Examination of Figure 3a indicates that the largest
spectral BT differences are located at the upwind portion of

the cirrus band and in the isolated clouds over the Andes.
The spectral BT differences are reduced farther downwind,
evidently caused by a combination of optically thinner
cloud and larger particle size.
[8] Coincident Moderate Resolution Imaging Spectrom-

eter (MODIS) [King et al., 1992] Aqua imagery is shown
in Figure 4a for the BT difference between channels 31
(centered at 910 cm�1) and 32 (centered at 830 cm�1). The
high spatial resolution of MODIS is apparent in Figure 4,
and the low spectral resolution as compared against AIRS
is illustrated in Figure 2. The broad cirrus band has a
distinct edge paralleling the crest of the Andes as seen in
the MODIS RGB VIS image in Figure 4b. In addition to
patchy wave clouds over the mountains, rows of narrow
cloud bands are also visible east of, and parallel to, the
Andes. Further evidence supporting significant lee wave
activity is found in the presence of strong, stable westerly
flow as documented by available upper air analysis charts
and the Antofagasta radiosonde (not shown). The maxi-
mum spectral BT difference noted in Figure 4a is about
19 K, located near the western and northeastern edges of
the orographic cirrus band, and near the centers of the
isolated wave clouds just to the west. In Figure 3a the
largest AIRS spectral BT difference (63 K) is observed in
the orographic cirrus band, with approximately half that
value in the isolated wave clouds. This demonstrates the
tradeoff between spectral resolution and spatial resolution.
AIRS shows more drastic BT changes across the spectra
but are representative of a 13.5 km footprint. The high
spatial resolution of MODIS resolves smaller cloud features

Figure 3. AIRS BT maps for granule 180, October 2nd,
2002, at 1800 UTC. (a) Difference of BT at 998 and 811
cm�1. (b) BT map for 811 cm�1, with letters denoting
locations of selected AIRS spectra shown in Figure 2. (c)
BT map for 998 cm�1.

Figure 4. (a) Coincident MODIS-Aqua BT difference
between channels 31 and 32 (centered at 910 and 830 cm�1,
respectively) for a subset of the scene in Figure 3. (b) RGB
combination of MODIS VIS channels.
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but cannot resolve the spectral dependence in the atmos-
pheric window.

4. Discussion

[9] In situ observations of ice crystal size and number
concentration in wave clouds taken by Heymsfield and
Miloshevich [1995] show the existence of large numbers
of particles smaller than 3 mm. Size distributions were
reported for aircraft flight segments approximately 0.2 km
long or less. Many size distributions show a large particle
mode, but over some flight segments (1 km long or less) the
smaller mode is dominant. Thus the results here are con-
sistent with known microphysical properties of some wave
clouds. Additionally, strong spectral dependence in radiance
results from the emissivity of some land surfaces [Rees,
2001]. However, AIRS spectra in clear scenes over the
geographic region studied here do not resemble small
particle spectra.
[10] Multi-spectral techniques such as the split-window

[e.g., Inoue, 1985] and tri-spectral [Strabala et al., 1994]
approaches have proven to be useful for identifying cirrus
clouds. These techniques utilize channels in the atmospheric
windows to discern different cloud types and values of reff.
When reff becomes smaller than 10 mm or so, the spectral
variation in the 750–1000 cm�1 window more strongly
distorts from a straight line, and develops a minimum in the
radiance spectra near 800 cm�1 (see Figure 1a). In order to
retrieve accurate values of reff for small particles an IR
emission instrument must have enough channels across the
windows to resolve details of the spectral dependence. For
reff larger than 10 mm this is done with only 2 or 3 channels;
however more channels are needed as particle size is
reduced. High spectral resolution IR instruments will lead
to accurate retrievals of reff for small particle sizes because
the spectral dependence is very sensitive to size changes
smaller than 10 mm, according to model calculations.

5. Conclusions

[11] AIRS spectra containing unique spectral signatures
consistent with small ice particles are presented. Only
simulations that include ice particles with a radius of 3
mm or smaller can reproduce the observed spectral depend-
ence in the atmospheric windows. When equal numbers of
small and large particles are modeled as a distribution, the
simulated extinction spectrum is very similar to that of the
large particles alone. Thus the observed signatures pre-
sented here are indicative of a distribution dominated by a
small particle mode. Although the AIRS footprint of 13.5
km is large compared to the scale of cloud structure as seen
in MODIS, AIRS has shown that small ice particle clouds
do exist on this spatial scale. In the future, similar high
spectral resolution instruments such as TES with higher
spatial (5 � 7 km) resolution [Beer et al., 2001] will see
even smaller cloud features.
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